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. We demonstrate ROS-triggered H 2 Sd onation in live cells and also demonstrate that PeroxyTCM-1 provides protection against H 2 O 2 -induced oxidative damage,s uggesting potential future applications of PeroxyTCM and similar scaffolds in H 2 Srelated therapies.
Hydrogen sulfide (H 2 S) is now recognized as an important cellular signaling molecule owing to its important functions in various aspects of human health and disease,a nd also as am ember of the gasotransmitter family along with nitric oxide (NO) and carbon monoxide (CO). [1] Biological H 2 Si s generated primarily from Cys and/or Hcy by cystathionine glyase (CSE), cystathionine b-synthase (CBS), cysteine aminotransferase (CAT), and 3-mercaptopyruvate sulfur transferase (3-MST), which work either individually or in concert. [2] In many cases,b oth endogenous H 2 Sp roduction, as well as exogenous H 2 Sa dministration, has been demonstrated to protect cells,t issues,a nd organs against damage associated with different (patho)physiological processes. [3, 4] Forexample, H 2 Ss hows potent anti-inflammation effects in animal models [5] and exhibits antioxidant properties and protective effects against reactive oxygen species (ROS). [6] Additionally, H 2 Sp rovides protection against myocardial ischemia reperfusion (MI/R) injury by consuming ROSg enerated by dysfunctional mitochondria and thus preserving cardiac activity. [7] Many researchers use H 2 S-releasing small molecules ("H 2 Sd onors") as primary tools to modulate cellular H 2 S levels ( Figure 1 ).
[8] Although exogenous administration of Na 2 So rN aHS provides ac onvenient source of H 2 S, the instantaneous and uncontrollable H 2 Srelease from these salts does not mimic endogenous generation and often result in acute side effects and contradictory results (i.e.pro-and antiinflammatory effects). [9] Tw oofthe most commonly used H 2 S donor classes include polysulfides derived from natural products,s uch as diallyl trisulfide (DATS), [10] and hydrolysis-based donors,s uch as GYY4137, [11] derived from Lawessonsreagent, both of which exhibit H 2 S-related protective effects in aw ide array of systems.
[8b-e] Additionally,d ithiolethione (ADT) and its derivative ADT-OH have been used to develop as eries of H 2 S-hybrid nonsteroidal anti-inflammation drugs,w hich greatly reduce GI damage while maintaining NSAID activity. [12] Synthetic thiol-activated H 2 Sd onors have also been developed based on protected disulfides,with some exhibiting promising protective effects in animal models. [13] More recently,d onors based on esterase-activation [14] and pH-modulation [15] have been reported, and demonstrated to influence inflammatory response factors and provide protection in oxidative stress models,r espectively.I na ddition, other H 2 S-donating motifs,s uch as thioamino acids, [16] caged gem-dithiols, [17] and caged ketoprofenate, [18] are also being investigated for different applications.Despite the diverse palette of available donor motifs, two main challenges remain. First, many synthetic donors lack appropriate,H 2 S-depleted control compounds,which complicates conclusions drawn from use of these donors.S econd, few donors can be triggered by specific cellular species or events,t hus limiting the tunability of available platforms. Based on these needs,H 2 Sd onors that respond to specific stimuli and have suitable control compounds would provide asignificant advance.
Av iable platform to access such responsive H 2 Sd onors stems from related H 2 Ssensing work recently report by us,in which an ew class of analyte-replacement fluorescent probes was developed using the engineered release of carbonyl sulfide (COS) from thiocarbamates. [19] Importantly,p robe activation generated af luorescence response and also To test our hypothesis that thiocarbamate functionalized arylboronates could function as ROS-triggered H 2 Sd onors, we prepared three thiocarbamate donors (peroxythiocarbamate:PeroxyTCM-1, PeroxyTCM-2, and PeroxyTCM-3) and two carbamate control compounds (thiocarbamates:T CM1a nd TCM-2). TheP eroxyTCM compounds are stable in aqueous buffer (pH 5-9) and are not hydrolyzed by esterases. We also prepared the parent carbamate (peroxycarbamate-1, PeroxyCM-1), which can also be activated by ROS, but releases CO 2 /H 2 Oinstead of COS/H 2 S. Access to these simple control compounds provides useful tools to determine whether observed biological activities of the donors are H 2 S-related or merely aproduct of the organic scaffold and/or byproducts.
To (Figure 2b ). In contrast, TCM-1 and TCM-2, which lack the H 2 O 2 -reactive arylboronate trigger,f ailed to release H 2 Su pon treatment with H 2 O 2 ( Figure 2b ). Taken together, these studies demonstrate that arylboronate-functionalized thiocarbamates provide af unctional platform to access H 2 O 2 -mediated H 2 Sdonors.
We investigated whether CA was essential to convert COS into H 2 Sbyincubating PeroxyTCM-1 with H 2 O 2 (10 equiv) in the absence of CA.Although COS can be hydrolyzed to H 2 S under both acidic and basic conditions,this hydrolysis is much slower at physiological pH. [20] Unexpectedly,apositive H 2 S release response was observed, indicating that COS could react directly with H 2 O 2 to generate H 2 SinaCA-independent pathway ( Figure S2a ). To further investigate these observations,wetreated an aqueous solution (10 mm PBS,pH7.4) of COS gas with H 2 O 2 .N oH 2 Sw as detected prior to H 2 O 2 addition, whereas H 2 O 2 addition resulted in rapid H 2 S generation ( Figure S2b ). Notably,t hese studies demonstrate that H 2 O 2 alone can convert COS into H 2 Sdirectly,although this process was significantly slower than CA-catalyzed COS hydrolysis.
We next evaluated which specific reactive sulfur, oxygen, and nitrogen species (RSONS) resulted in donor activation by measuring H 2 Sr elease from PeroxyTCM-1 after incubation with different RSONS (Figure 3 1( 10-100 mm)i nH eLa cells.N os ignificant decrease in cell viability was observed after a2hi ncubation, indicating that none of the three compounds exhibited appreciable cytotoxicity at the tested concentrations ( Figure S3 ). We next investigated whether exogenous H 2 O 2 could be used to release H 2 Si nc ellular environments by incubating HeLa cells with PeroxyTCM-1 (50 mm)f ollowed by treatment with H 2 O 2 (25 mm or 50 mm). We used HSN2, areaction-based H 2 S fluorescent probe,t om onitor H 2 Sa ccumulation by fluorescence microscopy. [22] In the absence of H 2 O 2 ,n oH SN2 fluorescence was observed, confirming that PeroxyTCM1w as stable and did not release Having demonstrated activation by exogenous ROS, we next investigated the response of PeroxyTCM-1 to endogenous ROSg eneration. RAW264.7 cells were incubated with phorbol 12-myristate 13-acetate (PMA), which is aw ellestablished method to induce ROSa nd H 2 O 2 production in macrophages. [23] ROS generation was confirmed using 2',7'-dichlorofluorescin diacetate (DCFDA; Figure S6 ). PeroxyTCM-1-treated cells were stimulated by PMA, and H 2 S release was monitored using HSN2. In the absence of PMA, no fluorescent signal from HSN2 was observed. By contrast, addition of 500 nm PMA resulted in as ignificant increase in signal from HSN2 corresponding to the released H 2 S ( Figure 5 ). These studies confirm that PeroxyTCM-1 is sensitive enough to be activated by endogenous ROS,s uggesting that it may provide av iable platform for ROS-related H 2 S investigations.
In addition to cellular imaging experiments,w ea lso investigated whether the developed ROS-activated donors could provide protection against ROS-related oxidative stress in simple cell culture models.Recent studies suggest that ROS play deleterious roles in various physiological and pathological systems ranging from aging to cardiovascular damage.In many cases,H 2 Sadministration can provide partial protection or rescue from these different disease states.F or example, ROSgenerated during mitochondrial dysfunction are responsible for awide range of damage in the cardiovascular system, including MI/R injury,a nd that exogenous H 2 Ss ignificantly preserved cardiac activity through aR OS scavenging pathways. [7b,24] On the basis of this H 2 S/ ROS relationship,w e envisioned that PeroxyTCM compounds would exhibit similar cytoprotective effects toward ROS-induced damage due to H 2 Srelease.
To simulate increased cellular oxidative stress,w ei ncubated HeLa cells with H 2 O 2 (50-400 mm)for 1hand observed adose-dependent reduction of cell viability (Figure 6a ). Since 100 mm of H 2 O 2 led to approximately 70 %c ell death, this dose was used to investigate protective activities of PeroxyTCMs.A lthough this dose of H 2 O 2 is higher than physiological H 2 O 2 concentrations,i tf alls into the range of H 2 O 2 concentrations used to induce oxidative stress in previous studies.I ns ubsequent experiments,c ells were treated with H 2 O 2 (100 mm)i nt he presence or absence of PeroxyTCM-1, PeroxyCM-1, or TCM-1 (10-50 mm)f or 1h.A se xpected, PeroxyTCM-1 exhibited as ignificant dose-dependent increase of cell viability,s uggesting that the released H 2 S provided rescue from H 2 O 2 -induced oxidative damage (Figure 6b) . PeroxyCM-1 showed an attenuated rescue from oxidative stress (Figure 6c )a saresult of H 2 O 2 consumption by the arylboronate and antioxidant effects of 4-hydroxylbenzyl alcohol (HBA), one of the byproducts after H 2 S generation ( Figure S3) , [25] but the observed protection was significantly lower than that from PeroxyTCM-1 ( Figure S7 ). In contrast, TCM-1 provided no protection against H 2 O 2 -mediated oxidative stress (Figure 6d ). Taken together,t hese results provide strong evidence that PeroxyTCM-1 is arobust H 2 Sd onor and provides cellular protection from oxidative stress.I na ddition, compared to other H 2 Sd onors,s pecific ROSs electivity makes the targeting of ROS-triggered H 2 S donors to different subcellular locations feasible,which would greatly benefit the H 2 S-related biological investigations and H 2 S-based therapeutics development.
In summary,w ep rovide the first example of ROStriggered H 2 Sd onors.T hese donors operate by mechanisms orthogonal to available H 2 Sd onors and provide access to suitable control compounds for biological studies.I nitial proof-of-concept studies reveal that PeroxyTCM-1 exhibits promising cytoprotective activities against H 2 O 2 -induced oxidative stress,s uggesting future potential applications of these and similar constructs as prodrugs in H 2 S-related therapies.F urther applications of the present as well as related COS-related H 2 Sd onors triggered by other mechanisms are ongoing. **** P < 0.0001 vs. VEH group; ## P < 0.01, ### P < 0.001, and #### P < 0.0001 vs. H 2 O 2 -treated group, respectively.
